A macroscopic version of Einstein-Podolsky-Rosen entanglement is obtained by quenching a quadratic coupling between two O(N ) vector models. A quench of the mixed vacuum produces an excited entangled state, reminiscent of purified thermal equilibrium, whose properties can be studied analytically in the free limit of the individual field theories.
Introduction
Coupled fields and entanglement are ubiquitous in quantum field theory but it is challenging to get a handle on the entanglement structure of an interacting macroscopic system. The aim of the present paper is to gain insight into the problem by constructing a highly entangled state in a simple setting where various calculations can be carried out explicitly. The construction involves a pair of quantum fields that are initially uniformly coupled at all points in space but otherwise free. The coupling between the fields is quenched and the subsequent evolution of the decoupled, but entangled, free field theories is then followed.
The resulting physics is similar to that seen in homogenous quantum quenches in quantum field theories [1] , but the explicit entanglement between subsystems brings in new features.
The late time behaviour of reduced density operators and correlation functions long after the quench is approximately thermal in certain limits, with deviations from thermal behaviour appearing both in the decoupling of modes of a free field and from off-diagonal terms in the modular Hamiltonian obtained for each mode.
Surprisingly, some of our findings for free fields are similar to results that have been obtained at intermediate or strong coupling. Our quench protocol is analogous to the recently studied hard quench of interactions between two quantum-mechanical Sachdev-Ye-Kitaev (SYK) models [2] . 1 The SYK model is of course quite different from a weakly interacting local quantum field theory, having more in common with the strong-coupling physics of holographic systems, yet we see some parallel behaviours.
We find, in particular, that a quench of coupled free fields yields qualitatively similar results to a quench at strong coupling, when we study composite operators. An instantaneous quench is imprinted on response functions of composite operators long after the quench. The quench induces oscillations, but even after these have subsided, composite operators respond to disturbances at spacelike relative momenta. Such correlations are forbidden in the vacuum of a relativistic field theory, but here they remain imprinted in the medium arbitrarily late after the quench. For a strongly coupled field theory, this effect has a curious holographic interpretation in terms of so called evanescent modes, which are supported in the vicinity of black hole horizons and decay exponentially radially outwards from the horizon [4] . Our observation of evanescent modes even at weak coupling indicates that such modes are in fact a feature of having a highly entangled state, which is consistent with a general ER = EPR relation [5] .
The presence of spacelike correlations has been seen previously in certain large N thermal field theories, even in the limit of vanishing coupling [6, 7, 8] . Although our system shares some features with a thermal state at late times, the fact that different momentum modes thermalise independently after the quench means that recent bounds [9] on correlations at spacelike momenta, obtained from thermal field theory, do not apply. This also demonstrates that an entangled state (a thermofield double) obtained by engineering an appropriate interaction Hamiltonian [10] is in general different from constructing an entangled state via a quench of a local quantum field theory. We also find that softening the quench from instantaneous to smooth improves the approximate fit to a thermal state and introduces a temperature scale inversely related to the time scale of the quench. We consider a system of two free O(N ) models, each containing N free scalars related by a global O(N ) symmetry. This is the simplest large N system which can accommodate the quench physics we are interested in. As further motivation, we note that a closely related theory, the free massless O(N ) model, is conjectured to have a higher spin gravity dual [11] .
The observed connections between doubled O(N ) models and evanescent modes [6, 7] are intriguing to explore in a standard field theory setting. The instantaneous quench amounts to suddenly removing an initially present local coupling between the two O(N ) models, at a time chosen to be t = 0 without loss of generality. In addition to its intrinsic interest, the quench permits us to investigate if a state supporting interesting modes with spacelike momenta can arise dynamically.
The paper is organised as follows. In Section 2 we set up the mixed system, the quench and much of our notation. Two technical sections follow. Section 3 describes the quantum state of the system in a language appropriate after the quench, and especially how it appears if reduced to one of the decoupled fields. Similarities and differences to a thermal description are probed and we observe that a smooth but fast quench provides a better approximation to a thermal state than an instantaneous quench. In Section 4 we calculate two-point functions of composite operators, in particular dissipative contributions to retarded correlators. This is where results reminiscent of strong coupling physics are obtained, as discussed in Section 5. To make this gravitational side of our presentation self-contained, a short description of black hole evanescent modes is included in Appendix A. Finally, our main conclusions are summarised in Section 6. Some technical details are referred from the main text to Appendices B and C.
Mixing and quench of mixing
We wish to study the effect of suddenly decoupling fields which are initially mixed. We thus consider a system of two O(N ) vector models, described by fields ϕ L and ϕ R , with a mass mixing that is turned off at time t = 0. The action is
index which from what follows we will drop to simplify our notation. For an instantaneous quench, focus of our interest in most parts of this work, one has h 2 (t) = are unbroken in either case. In this sense the theory before the quench breaks the post-quench
The action in Eq. (2.1) can be diagonalized by defining rotated fields
with tan 2α ≡ 2h 2 ∆m 2 and ∆m 2 ≡ m 2 L − m 2 R . The action for the rotated fields takes the form
This is the action that describes the complete pre-quench dynamics.
In the remainder of the paper, we will consider the special case m R = m L = m. Correspondingly, ∆m 2 = 0 and we obtain for the masses and the field relations
This considerably simplifies many calculations. Nonetheless, our conclusions also apply to the case of m L = m R .
Let us note here that in the case of equal masses, the action (2.1) for h = 0 has the full O(2N ) symmetry that would in principle allow us to choose χ ± as a basis even after the quench. In this case, the physical picture is that of two simultaneous mass quenches, from m 2 ± h 2 to m 2 . However, we implicitly assume that there are observers associated with the individual fields ϕ L and ϕ R , which can for example be made manifest by adding explicit sources to the action (2.1). Correspondingly, we also choose to derive all results explicitly in the basis of ϕ L and ϕ R . The only exception is Section 3.3, where we use the above O(2N ) symmetry to make contact with existing results in the literature.
Relation between quantum fields before and after the quench
Before the quench, i.e., for t < 0, the relevant mode expansion is in terms of the χ-fields which we may expand in terms of momentum modes, which for t → 0 − take the form:
where ω ± k = |k| 2 + m 2 ± . On the other hand, just after the quench, or equivalently for t → 0 + , the relevant mode expansion is in terms of the ϕ-fields,
where now ω k = |k| 2 + m 2 .
We impose the matching conditions
These can be solved to yield the Bogolyubov transformations
The Bogolyubov coefficients are given by 
Signs of thermality and non-thermality
Just after the quench, at t = 0, the system is still found in the vacuum of the coupled theories.
However, in terms of the new Hamiltonian, this state corresponds to some highly excited state with nontrivial time dependence. It can be described either as a pure squeezed state of the fields ϕ L,R , or, by integrating out one of the latter, as a density matrix of ϕ L or ϕ R modes alone.
The nature of the density matrix depends on details of the quench. For example, quenches in simple two-mode systems can give rise to so-called two-mode squeezed states of the form (e.g. [12] )
where the parameter ζ is related to the strength of the quench and the state obeys a level matching condition n a = n b . The latter implies that |ψ is a highly entangled state with a very particular entanglement structure. Tracing over one of the modes leads to an exactly thermal density matrix,
with an effective inverse temperature β ∼ − log tanh 2 |ζ|.
As we will see, in our case the entanglement structure is more complicated. As a direct consequence of the relativistic invariance of the theory, the Hamiltonian at t < 0 mixes not only L and R modes, but also modes of wave vectors k and −k. Upon tracing out e.g. the Rmodes, this will lead to a density matrix for L that is off-diagonal in the energy eigenbasis, with off-diagonal pieces parametrizing deviations from exact thermality (subsection 3.1). Moreover, since we are dealing with a Gaussian field theory, with an infinite number of conserved charges, true thermalisation after the quench will not occur. At best, we can resort to the spirit of the generalized Gibbs ensemble [13] . There, one introduces a chemical potential for the conserved charges, of which in the case of free post-quench theories not all can be integrals over local functions of the fields [14, 15] . In accordance, we observe a momentum-dependent temperature (subsection 3.2), similar to the case of mass quenched free fields [16] . The deviations from thermality vanish in the limit of weak coupling h and small momentum |k|.
The momentum dependence of the temperature is such that contributions to observables from high energy states are generally suppressed less than in ordinary thermal ensembles. In the case of an instantaneous quench, this holds up to arbitrarily high energies. In subsection 3.3 we demonstrate that this can be cured by smoothing out the quench over a time scale ∆t, in which case contributions from states with energy much greater than 1/∆t are in fact exponentially suppressed.
The ensemble of modes decoupled by the quench
Directly after the quench, the system will find itself in a squeezed state of the modes L and R.
Correspondingly, the reduced density matrix of e.g. the L modes will describe a mixed state whose phase factors will depend on the Bogolyubov coefficients. If the quenched state were an exact thermofield double state, the reduced density matrix would be diagonal. Generically, however, it will be described for a given wave vector k by
where the coefficient N k ensures unit normalization of the density matrix. To construct K, we can make use of the fact that the pre-quench vacuum is a Gaussian state. Correspondingly, the density matrix of a single mode will also be Gaussian, with a modular Hamiltonian of the form
complex, parametrizes the non-diagonal contributions to the density matrix and therefore
The coefficients can be fixed from low order correlation functions at t = 0, such as L † k L k and L −k L k . These are now calculated as usual via O k = tr O k ρ k L . Evaluation is simplest by performing a Bogolyubov rotation on the creation and annihilation operators L in order to diagonalize the modular Hamiltonian. We define
Making the ansatz arg(s k ) = − arg(r k ), inserting into the modular Hamiltonian for a given k-mode and demanding diagonalization of K k as well as the proper commutation relations,
with the one-particle energy k given by
Consequently, in the basis of c k , the modular Hamiltonian becomes
We can now fix the normalization constant N k , obtaining
where we take the trace in the number basis of c ±k , with m ± the eigenvalues of the respective number operator.
Inserting now the decomposition (3.5) and observing that only number conserving operators can contribute, we obtain for the expectation values
All expectation values can now equivalently be calculated directly in the pre-quench vacuum state |0 χ , making use of the Bogolyubov decomposition (2.13). We obtain
Equating the corresponding expressions yields for the coefficients
where we have defined
We thus have derived an explicit expression for the modular Hamiltonian for the density matrix of L modes in the pre-quench vacuum. All deviations from thermality of correlation functions of ϕ L are due to the off-diagonal terms in this modular Hamiltonian, quantified by the coefficient B k .
As we will discuss in more detail in the ensuing sections, correlation functions of local operators become approximately time translationally invariant long after the quench. In that case, such late time observables can be obtained from an effective k-dependent thermal density matrix,
with a temperature that is fixed by relations (3.12) and (3.13) . In other words, one expects approximately thermal occupation
which can be solved to give
(3.18)
We will confirm this expectation explicitly in section 3.2 below. The k-dependence of the temperature is natural, as discussed in the beginning of the section. The density matrix (3.16) can be reproduced from a generalized Gibbs ensemble, constructed either directly from the momentum space charges L † k L k or from a set of charges that is only mildly nonlocal [15] . Let us note that in the limit of small h, we have up to order h 4 the following scaling of the parameters:
so that (3.14) becomes
To leading order in h, the density matrix can be written as
and
which can be easily checked to agree with the leading order contribution to (3.18) . In passing, we note that the temperature β k approaches a constant for long wavelengths. For these, we obtain an effectively thermal ensemble with
(3.23)
As we can also see, small mixing leads to low temperature, consistent with the expectation that the effect of the quench decreases with decreasing coupling. Moreover, shorter wavelengths, with larger |k|, will see a higher effective temperature. Correspondingly, while large |k| contributions to observables still decay, they do so slower than in an ordinary thermal ensemble, as a power law instead of exponentially. This, however, is caused by the instantaneous nature of the quench, as we demonstrate explicitly in subsection 3.3.
The effective temperature from correlators
As already mentioned above, one can define a generalized effective temperature by considering the large time behaviour of low order correlation functions of local operators [1, 16, 17, 18] .
We illustrate this using a simple correlator, namely the expectation value of a bilocal singlet operator in the pre-quench vacuum,
where here and in the following χ denotes expectation values in the pre-quench vacuum |0 χ . Expanding the above correlators in terms of χ ± , we obtain in terms of the Bogolyubov coefficients in (2.15) and (2.16),
At late times after the quench we can neglect the first term (the one with (t + t ) dependence) which oscillates with damped amplitude (cf. Appendix B). The remaining two terms correspond precisely to a thermal correlator with inverse temperature given by
in perfect agreement with (3.18).
Smooth quenches
If one chooses to smoothen out h(t) over a time scale ∆t then large momenta will be more suppressed, effectively cutting off the growth of the effective temperature at |k| ∼ 1/∆t. In fact, by representing our mixing quench as two mass quenches with subsequent field rotation, we can directly use classic results from quantum field theory on curved space time [19] , as further developed in [20, 21] . As mentioned in passing in Section 2 above, in the case of m L = m R = m, there is no a priori need to perform the O(2) rotation in (2.2) after the quench, since the action is already diagonal. Without it, the physical picture is that of two simultaneous mass quenches,
Now, instead of this instantaneous quench, we may consider a rapid, but smooth, quench of the form [19, 20, 21] .
Concretely, the field decomposition is similar to (2.7) except now the mode expansion also has a temporal profile,
29)
with time dependent functions f k (t). The incoming mode functions that correspond to plane waves at t → −∞ are expressed in terms of hypergeometric functions,
The two sets of mode functions are related by Bogolyubov transformations,
with coefficients
. 
(3.36)
In the weak coupling limit, we obtain for the above coefficients
where ψ(x) is the digamma function and γ the Euler-Mascheroni constant. We see that for
h → 0, all v k vanish, as they should. Moreover, for |k| 1/∆t, the v k are exponentially suppressed.
As an application, we calculate the effective temperature in the small h limit, as per (3.20) and (3.22) , where now B k is complex but |B k | ∼ h 4 as before. We obtain
39)
which for large k becomes
(3.40)
For fixed h, the temperature goes to a constant value at large |k| that is set purely by the time scale of the quench. This reflects the fact that modes with |k| 1/∆t see an almost adiabatically changing mass and thus the probability of exciting them is exponentially small.
Note finally, that for fixed ∆t, the temperature goes to zero for h → 0.
Spacelike correlations in the post-quench background
In a non-vacuum background, such as a heat bath, correlation functions may exhibit behaviour that is forbidden in vacuum. Below, we illustrate how, even long after the quench, the nontrivial background is imprinted on the response of the system to small perturbations. In particular, modes which are exchanged with the background contribute to discontinuities of the retarded Green's function. We devote special attention to the regime |ω| |k|,
with |k| larger than any other scale. We can picture the damped spectral density we find in this parameter region intuitively in terms of an effective (approximate) thermalisation.
Furthermore, there is an interesting parallel with strong coupling physics and dual gravity, discussed further in Section 5.
The spectral density function of the operator O(x, t) in the state |ψ is defined as
where G R (k, ω) is the Fourier transform of the position-space retarded Green's function, which in turn is defined as 
but in order to Fourier transform from the spatial coordinates to a single (d − 1)-vector k and from the time coordinate to a single frequency ω, we need G R to depend on only one (d − 1)-vector x and one time-coordinate t. In the case at hand, time-translation invariance is explicitly broken by the quench but re-emerges at late times, as we will see below. Taking a Fourier transform of the resulting approximately time-translation invariant result leads to an effective G R (k, ω) that makes physical sense for a late-time observer.
The computation of the position-space retarded Green's function in (4.2) is straightforward. The main steps are outlined in Appendix C and the end result is This can readily be Fourier transformed and extracting A(k, ω) according to (4.1) yields
As a consistency check, we note that A(k, ω) satisfies well-known positivity constraints that are a consequence of unitarity. In particular, ω A(k, ω) > 0, which is obvious for the terms on line two of (4.5) and for the terms on the bottom line it follows from the fact that v 2 k is a monotonically decreasing function of |k|.
A simple diagrammatic representation of the spectral density is given in Figs. 1 and 2 .
A corresponds to the imaginary part of the diagram depicted in Fig. 1 , obtained by cutting the loop and putting intermediate particles on shell. The terms on line two of (4.5) are due to on-shell creation of perturbations ( Fig. 2a , non-vanishing also in vacuum, i.e. for h → 0), with an additional contribution from creating a perturbation while collectively exciting the background (Fig. 2b) . Both legs are either outgoing or incoming, whereby ω k and ω k−k enter with the same sign. The terms on the third line of (4.5), on the other hand, correspond to processes where the momentum of the composite operator is absorbed by the background, while the total energy of the latter is lowered. Hence, one of the frequencies enters with a negative sign (Fig. 2b ).
In the low energy regime |ω| |k|, it is only the absorption terms on the bottom line of and inserting the Bogolyubov coefficients (2.13) we obtain, to leading order,
The integral can be evaluated in spherical coordinates. Denoting the angle between k and k by θ, with 0 ≤ θ < π for d > 3, the arguments of the delta functions are zero at
The solutions θ + and θ − only exist for |k | ≥ |k| − ω 2 and |k | ≥ |k| + ω 2 (4.8)
respectively, which places lower limits on the range of integration over |k |. For d = 3, one has additional solutions at −θ ± because in this case θ ∈ [−π, π). Rewriting the delta functions
performing all angular integrals in (4.6), shifting |k | → |k | − ω/2 in the first term and |k | → |k | + ω/2 in the second, and neglecting higher order terms in ω we obtain
is the volume of the (d − 2)-sphere divided by the contribution to this volume by the θ-angle.
Equation (4.10) is our final expression for the spectral density in the low energy regime |ω| |k|. It is valid for d ≤ 8 since otherwise the dimensionless integral diverges due to the growth of phase space compatible with the on-shell condition in (4.6) and the insufficient suppression of high momenta. As discussed in Section 3, however, this is caused by the instantaneous nature of the quench. We will return to this at the end of this subsection. Furthermore, one finds agreement between (4.10) evaluated at d = 2 and an explicit computation in two dimensions. Hence, (4.10) is valid for 2 ≤ d ≤ 7.
We note that using the effective temperature (3.22), we can write (4.10) as
where the factor of 1/2 in the exponent has been fixed by physical expectations, as the imaginary part of the retarded Green's function at low frequencies can be related to the absorption of an external perturbation with ω ≈ 0 and momentum k by a particle in the "bath" with frequency ω = |k| 2 and momentum − k 2 while the latter remains on-shell [22] . As expected, we find agreement with free thermal field theory in the high temperature phase [8] .
Finally, if we consider a smooth but rapid quench rather than an instantaneous one, then according to subsection 3.3, the temperature is bounded by the time scale of the quench, β k → β ∞ ≡ 2π∆t for |k| → ∞. This has two important consequences. First, the integral in (4.10) is rendered finite due to the exponential suppression of contributions from large |k |, and second, the lower integration limit directly provides a Boltzmann factor e −β∞ |k| 2 , leading to perfect agreement with [8] .
The support for momenta outside the light-cone in the absorptive part of the response function means that the background acts as source and sink of composite operators with such momenta. Although these operators are formally local, their constituents have non-trivial momentum distributions due to the background. In effect, the composite operators inherit a relative position distribution, with a scale determined by a characteristic wavelength. In the background they function as extended objects whose size enters their correlation functions.
This argument does not really depend on interaction strength and we are lead to expect qualitatively similar 'non-localities' at weak and strong coupling. Another perspective on the importance of compositeness is interference: the spectral density (4.5) includes 'beats', i.e. terms with frequency equal to the difference of frequencies of the constituent fields.
Interference with modes in the background is directly detectable in composite operators. In the particle picture, constituents are exchanged with the background and it is crucial that energy quanta can be extracted from the background.
Analogy with holographic models
As we have seen, in field theory it is perfectly acceptable for correlators of composite operators to have support at spacelike momenta in the presence of a background reservoir which can exchange energy with a composite operator, but acceptable does not imply intuitive. However, the results described in Section 4 have an interesting counterpart in so-called evanescent modes in gravitational theories dual to strongly coupled gauge theories [4] . These are radially localised modes in black hole backgrounds and, for completeness, we review in Appendix A how they come about and some of their basic properties.
It should be stressed that our field theory system is weakly coupled and not conformal, which takes it outside the range where holographic duality to a known gravitational theory can be trusted. On the other hand, the weak coupling allows us to carry out explicit calculations and it is interesting that these calculations describe very similar behaviour as found for evanescent bulk modes localised near an AdS black hole horizon.
To see how holography connects our field theory correlation functions to bulk evanescence, consider a scalar bulk field coupled to a scalar composite operator. If the scalar field supports evanescent modes, a field sourced at one boundary event and detected at another boundary event will in general have some overlap with the evanescent modes. As a consequence, boundary-to-boundary correlators will be non-vanishing for spacelike wave-vectors.
In addition, the part of the field that ventures into the allowed spacetime region for evanescent waves and connects back to infinity (at the second event) will be damped by the angular momentum barrier, i.e. it will fall off as a function of momentum.
Since the quench injects energy into the system, the post-quench state is characterised by a finite expectation value of the stress energy tensor. According to the standard holographic dictionary, this implies deviations of the bulk metric from empty AdS to some asymptotically AdS spacetime. Moreover, the fact that the quenched vacuum does not respect the full O(N ) L ×O(N ) R symmetry is indicative of the high temperature phase of O(N ) singlet models [6, 8] . Our post-quench correlators with support at spacelike momenta nicely match previous results found in that context.
In our field theory calculation, we found support at spacelike wave vectors in the absorptive part of the response function, which detects dissipation in the system. Physical degrees of freedom with spacelike wave vectors transverse to the radial direction are thus excited. Furthermore, we find a damping with momentum, which becomes exponential if the instantaneous quench is replaced by a smooth quench. Comparing with evanescent modes in strongly attractive gravitational fields suggests strong attraction towards the centre of a bulk space, provided we allow ourselves to interpret our correlators holographically. The effective gravitational attraction even wins against a strong angular momentum repulsion. Wave equations require specification of boundary conditions at horizons and waves which are absorbed or emitted from a horizon correspond to dissipation with a continuous spectrum. If, on the other hand, the bulk spacetime has no horizon or a second AdS asymptotic region, then the spectrum will in general be discrete. Thus, in so far as the evanescent mode spectrum of our field theoretic system is continuous, a holographic interpretation would suggest the presence of a horizon in the dual bulk geometry.
Conclusions
In this paper we have considered a pair of free field theories in a highly entangled state, generated by the instantaneous quench of a mixing interaction between the fields. Probing the entangled system long after the quench, using operators restricted to a single field theory, reveals an approximately thermal background at long wavelengths. The similarity to a thermal system becomes more pronounced when the quench is described by a smooth but rapidly varying coupling rather than an instantaneous jump.
Interesting parallels with strongly coupled theories and holographic duality emerge when Analogous behaviour is seen in well established gravitational duals of strongly coupled gauge theories [4] . There one considers boundary-to-boundary correlation functions in asymptotically AdS geometries with localised bulk gravitational sources (typically black holes) and finds non-vanishing correlations at spacelike momenta. On the gravity side, these correlations are associated with so-called evanescent modes, modes that are radially localized near the bulk source and exponentially suppressed towards the boundary.
Our results suggest that this a general phenomenon associated with composite operators in non-trivial backgrounds, independent of coupling strength. Indeed, similar behaviour has been observed in thermal free field theory [6, 7, 8] and there are general arguments for a thermal field theory bound on the size of spacelike correlators at large momenta [9] , for any coupling. More generally, composite operators are sensitive to non-trivial backgrounds, both thermal and non-thermal, at both weak and strong coupling. 
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A Evanescent modes at a black hole horizon
Following [4] we consider a minimally coupled scalar field Φ on a static spherically symmetric geometry described by the line element
The Klein-Gordon equation in this background can be solved by separation of variables, Φ(t, Ω, r) = e −iωt Y (Ω)φ(r), and with d denoting the spatial dimension, the radial equation takes the form
which is conveniently rewritten by replacing φ(r) = u(r)/r d−1 2 and using "tortoise" coordinates, dr * = dr/f :
where the effective potential V is given by
The advantage of these coordinates is that we recognise the form of the radial time-independent Schrödinger equation, and can invoke our intuition about its solutions.
The mode spectrum of the scalar field depends on boundary conditions and the effective potential V eff which includes an important term from angular motion, which produces an angular momentum barrier (Figure 3 ). Two properties are now important for our discussion: • If there are solutions with frequency lower than the minimum allowed by the AdS background which coincides with the geometry asymptotically, then the asymptotic solutions are suppressed relative to the AdS solutions.
• If the angular momentum barrier suppresses the asymptotics of the solution, then it is damped as a function of angular momentum.
We refer to modes satisfying the above criteria as evanescent, because of their falloff in a direction perpendicular to their propagation. As a rule of thumb, they appear if the effective potential has a sufficiently deep and wide well inside the angular momentum barrier. In particular, this happens for AdS black holes where the well extends to the horizon at r = −∞ in tortoise coordinates. It has also been argued that stars of ordinary matter are unlikely to be small enough to have the requisite well in their effective potential [4] .
Spherically symmetric geometries are related to correlation functions on flat spaces transverse to the radial direction. In appropriate combinations, angles go to flat coordinates and angular momentum goes to momentum as the radius approaches infinity. Evanescent modes are then characterised by spacelike wave-vectors in the transverse space, due to the properties above. where in the last step we have formally extended the region of integration back to R d−1 , since for large (t + t ) the two integrals agree up to exponentially small corrections. The final integral can be easily verified to be finite, whereby we see that for d > 1 the integral (B.1) will go to zero at late times.
B Stationary phase approximation
C The retarded Green's function
In order to compute the retarded Green's function we need the field operator, ϕ L (x, t) which assumes a mode expansion of the form ϕ L (x, t) = e −iHt ϕ L e iHt = dk (2π) d−1 1 √ 2ω k L k e −ik·x + (L k ) † e ik·x , (C.1)
with k · x ≡ ω k t − k · x and ϕ L given in (2.9).
Our aim is to compute the retarded Green's function, Quite a lot of simplifications are already in order at this level :
• Each term will contain a product of four creation and annihilation operators sandwiched between the pre-quench vacuum states. Only number-preserving permutations among these would give non-vanishing contributions to (C.5).
• The summation over O(N ) indices will give rise to different scaling behaviours with powers of N for different terms in the expansion of (C.5). It can be readily verified using the canonical commutation relations of the creation and annihilation operators that the terms either scale as N or as N 2 . For instance, while the terms containing the permutations, a − k a − k (a − k ) † (a − k ) † χ and a − k a + k (a − k ) † (a + k ) † χ scale as N , the terms consisting of a − k (a − k ) † a − k (a − k ) † χ and a + k (a + k ) † a − k (a − k ) † χ scale as N 2 .
• (C.5) However, since the total O(N 2 ) contribution to (C.5) just corresponds to the disconnected piece of the Green's function, it is necessarily symmetric under x ↔ x . Such terms are therefore guaranteed to give vanishing contributions to the retarded Green's function (C.2) by definition. Therefore for our purpose, it is sufficient to consider terms which give O(N ) contribution to (C.5).
• For the same reason, terms which are only functions of (x + x ) can be ignored.
• Last but not least, invoking the results from appendix B, all terms containing e ±iω k (t+t )
can be rendered negligible as far as their late time behaviours are concerned. This yields an emergent time-translation invariance at late time which allows us to set t = 0 for all practical purposes in view of the fact that ultimately we are interested in evaluating the Green's function at late times.
These steps lead to a simple expression for the Green's function, displayed also in the main text as equation (4.4) .
G R (x, t) = −iθ(t) [:ϕ L ϕ L :(x, t), :ϕ L ϕ L :(0, 0)] χ = −iθ(t)N dk dk (2π) 2(d−1)
